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ABSTRACT   
Laser ranging to satellites (SLR) in earth orbit is an established technology used for geodesy, fundamental science and 
precise orbit determination. A combined active and passive optical measurement system using a single telescope mount 
is presented which performs precise ranging measurements of retro reflector equipped objects in low earth orbit (LEO). 
The German Aerospace Center (DLR) runs an observatory in Stuttgart where a system has been assembled completely 
from commercial off-the-shelf components (COTS). First successful satellite laser ranging was demonstrated recently 
using an optical fiber directing laser pulses onto the astronomical mount. The transmitter operates at 1064 nm with a 
repetition rate of 3 kHz and pulse energy of 25 µJ. A motorized tip/tilt mount allows beam steering of the collimated 
beam with µrad accuracy. The returning photons reflected from the object in space are captured with the tracking 
telescope. A special aberration free beam splitter unit was designed to separate the infrared from visible light. This 
allows closed loop tracking and operation of a single photon detector at a single telescope simultaneously. Furthermore 
the visible light directed to the camera is used to perform angular measurements of objects under investigation. This is 
done by comparing the apparent position with stars in the background. This innovative design yields to a compact and 
cost effective but very precise ranging system which allows orbit determination. 
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1. INTRODUCTION  
Satellite laser ranging (SLR) is commonly used in geodesy to measure tectonic plate drifts etc. [5]. The precise laser 
distance measurement is also very attractive for orbit determination which can be used for collision avoidance of space 
debris with active satellites for example. This variety of different SLR tasks requires a network of SLR stations. The 
ILRS (International Laser Ranging Service) network contains 51 stations which are distributed mainly on the northern 
hemisphere. The increasing number of nano- and cube-sats leads an increasing demand of SLR stations in order to 
maintain high accurate orbits.  
In this paper a concept for an independent low cost optical measurement system is presented to determine orbits for LEO 
objects. This concept is based on COTS components and very modular. After presenting the concept first successful 
measurements of two separate parts of this system are shown. The concept is a combination of passive- and active-
optical system to measure positions of satellites in the LEO. High accurate ranging measurements can be used to 
determine orbits. At the moment mainly radar facilities are used to detect and measure orbital positions of LEO objects. 
Radar can measure in any weather and during daytime. Whereas an active optical system can achieve position 
measurements with a higher accuracy and lower running and equipment cost. Due to the narrow field of view (FOV) of a 
SLR telescope a-priori orbit information needs to be known. That is why we intend to combine a wide angle passive 
optical (staring) system with fiber based laser ranging. The passive optical system measures apparent angular position of 
orbital objects before the star background. Then a preliminary orbit is determined. This rough orbit will be valid for a 
short time and for a close location only. But it allows a separate optical system which is able to perform SLR to catch, 
track and perform laser ranging to this object. Figure 1 gives an overview of the system concept. 
 
  
 
 
 
 
 
Figure 1: proposed system concept to detect unknown orbital objects and measure their position with precise laser ranging 
by combining two optical systems. This allows precise orbit determination. 
A main part of a SLR station is the telescope mount with coudé path. The coudé path which is commonly used for SLR 
has several disadvantages. Expensive designs as well as a crucial alignment of the mirrors are two main drawbacks. 
Another approach is to mount the laser source directly on the mount. But the orientation of a laser attached directly to the 
mount changes continuously and this increases the load significantly. This is why we have chosen a new approach in 
SLR by using a German equatorial mount and directing the laser pulses with an optical fiber to the transmitter telescope. 
Instead of using pico-second pulses nano-secound pulses are used to decrease energy density while maintaining precision 
<1m. Higher repetition rates allow lower pulse energies to operate below the fiber damage threshold, while obtaining the 
same number of returns per time interval as in conventional designs [5]. This enables an easy upgrade of existing small 
telescopes to SLR stations without any weight or size limitations of the laser system. Even light from several different 
laser sources for different tasks (e.g. LIDAR, optical communication) can be coupled into the fiber. Therefore a very 
modular and versatile system using only one telescope is possible with the fiber based approach. Due to pulse energy 
limitations laser ranging can be performed to satellites equipped with retro reflectors (cooperative satellites) only. 
Results of a fiber based SLR are shown in section 4.2.  
The passive optical system is used to detect unknown objects. Instead of radar the passive optical system takes advantage 
of the sun as energy source. This requires that the orbital object is illuminated by the sun and that the station is in the 
earth shadow. Therefore it has a limited observation time compared to radar. But compared with radar a passive optical 
system is impressively less expensive because it doesn’t need an energy source.   
In the next section the technical setup of the DLR observatory in Stuttgart, Germany is presented. Two parts will be 
demonstrated: one is the passive optical detection and preliminary orbit determination and the second is the fiber based 
SLR to satellites equipped with retro reflector. 
 
2. PASSIVE OPTICAL SYSTEM 
The telescope has a FOV of about 0.3° which is sufficient to track orbital objects with TLE (or more precise CPF) orbit 
data. This narrow FOV telescope system is located in Stuttgart, Germany and is able to perform laser distance 
measurements to orbital objects equipped with retro reflectors. To overcome this dependency on the TLE catalog we 
realize the idea to combine a narrow FOV telescope system which can perform angular and time of flight (TOF) 
measurements and a wide angle passive optical system which can measure angular position with lower resolution (see 
Table 1 for optical properties of our two systems). The staring system performs initial detection of LEO objects and 
predicts their coordinates roughly in order to capture the newly found objects within the FOV of the main telescope. 
Thus the passive optical observation is split into two different systems: One is a fixed wide angle staring camera system 
  
 
 
 
 
and the second is the actual active optical system which is able to perform closed loop tracking, illustrated in Figure 2 
and Figure 3. 
 
Figure 2: Layout of the proposed setup to detect unknown objects with a staring camera and send predicted coordinates to a 
separated system to detect the object with the receiver telescope.  
 
 
Figure 3: The DLR observatory in Stuttgart, Germany is able to perform passive optical angular measurements and laser 
distance measurements to cooperative LEO objects. 
 
2.1 Wide angle staring observations 
The wide angle staring system is designed to identify any orbital object in LEO (down to a certain size). A simple 
astronomical CCD (or sCMOS) camera and a consumer lens (for full frame cameras) with low f # can achieve 
  
 
 
 
 
astonishing results, shown in section 4.1. The camera is mounted on a simple fixed mount and pointing is obtained by 
automatic astrometric calibration. The following Figure 4 shows the wide angle system at the DLR observatory. 
 
Figure 4: The staring camera system is mounted on a manual equatorial mount and records images continuously. Angular 
coordinates of LEO objects passing the FOV are measured which will allow rough orbit predictions. 
 
 
 
 
 
 
 
 
Table 1: Properties of the two optical systems to perform initial object detection with the staring system and laser ranging 
with the receiver telescope. 
The astronomic CCD camera ProLine16803 from Finger Lake Instruments is used as staring camera. To improve read 
out time the camera is used with binning 2 and a read out clock of 8MHz. As lens a Canon EF 135mm f#2 is used. Table 
1 shows the properties of this system which was set up at the DLR observatory in Stuttgart, Germany. The system sits on 
a fixed mount (Figure 4) and records images continuously (Figure 5). In order to perform angular measurements the 
correct UTC time of the start and end of the exposure needs to be recorded. This is realized by a GPS receiver. Image 
processing extracts the tracks from the stars in each image and determines the object positions with respect to the known 
positions to the star background. After two or three measurements a position prediction of the object is performed. This 
prediction is handed over to the receiver telescope. 
Properties Staring system Receiver telescope 
Sensor size [mm²] 36.8 x 36.8 16.6 x 14.0 
Pixels 4096 x 4096 2560 x 2160 
Pixel size [µm] 9 6.5 
Focal length [mm] 135 2939 
Aperture diameter [mm] 67.5 432 
Field of view (FOV) 15° x 15° 0.32° x 0.27° 
Pixel scale (binning 2) [arcsec/px] 13.75 (27.5) 0.46 (0.92) 
  
 
 
 
 
 
Figure 5: A composite image of 20 single frames recorded by the staring camera during a 60s observation time. Each frame 
has an exposure time of 1s using FLI CCD camera with Canon 135 mm f/2 lens headed to zenith. It was recorded on 
17.04.2014 20:46 (UTC) and three different LEO objects passing the field of view. 
2.2 Receiver telescope (passive optical) 
The receiver telescope is a 17’’ corrected Dall-Kirkham telescope with an Andor sCMOS camera attached to it, see 
Table 1 for properties. It can perform two types of tracking: 
 Leap frog tracking: performing angular measurements by using sidereal tracking (correcting earth rotation) and 
imaging the orbital object (with a longer exposure) as a track, (see Figure 6). Then the apparent position can be 
determined by comparison with background stars. The start- and end time of the exposure is synced with UTC time 
standard using a GPS receiver. 
  
Figure 6: Left image recorded of satellite Ajisai in February 2014 using leap-frog tracking. Exposure time is 0.6 s. 
Considerable brightness variations take place on short timescales. Right image shows DLR satellites Terra SAR and 
Tandem-X. 
 Continuous tracking: This is which is necessary for the laser ranging. Using public available TLE [7] orbit data it is 
possible to track the telescope continuously with the object under investigation. A closed loop PID controller 
corrects slight position misplacement of the object to ensure a tracking accuracy smaller then 2arcsec, see Figure 7. 
  
 
 
 
 
        
Figure 7: The left image shows a satellite during continuous tracking. Stars appear as tracks. Right is the distance of the 
satellite during observation in respect to the camera center. 
Reference [4] describes the system capabilities and setup in more detail.  
This system depends on already known orbital data (TLE or CPF files). That is why a wide angle system was added in 
2014 to allow observation of unknown objects. In section 4.1 is shown that the main telescope can catch objects detected 
by the wide angle staring system using leap frog tracking. 
3. ACTIVE OPTICAL SYSTEM 
The active optical system consists of a fiber based laser transmitter to transmit laser pulses to the object under 
investigation. The returning photons are collected by the receiver telescope. Both optical systems sit on the same 
astronomical mount (NTM-500 by Astelco), see Figure 3. A light splitting unit located between main telescope and 
camera separates the visible and infrared light which allows imaging/tracking (visible) and TOF measurements (infrared) 
simultaneously. [8] 
3.1 Fiber based laser transmitter 
The laser transmitter expands the beam and by moving the collimator (which is located in the conjunction plane of the 
transmitter exit aperture) allows beam steering, see Figure 8. Reference [1] describes the functions and components of 
the setup in more detail. 
 
Figure 8: the optical setup of the laser transmitter. DC motors can adjust the beam direction by moving the fiber collimator 
(1). A 90:10 beam Splitter (2) sends 10% of the light to a power meter (3).  A dichroitic mirror (5) reflects (R>95% @ λ > 
805nm) the laser pulses into the beam expander (6). And visible light is focused onto a camera (4) to check pointing of the 
laser transmitter. [1] 
The laser transmitter allows steering the beam and the monitoring camera allows to implements a beam pointing model. 
Mechanical instability due a misalignment of the laser transmitter optical axis to the main telescope optical axis can be 
  
 
 
 
 
corrected dynamically using a beam pointing model. The following Table 2 shows the technical properties of optical 
components used for the laser transmitter.  
Optical task Components Model  Properties 
Laser source Nd:YAG laser Innolas piccolo AOT MOPA  λ=1064 
frep=<10kHz 
tpulse=3ns 
Epulse<300µJ 
M²=1.3 
Transport Fiber Multimode step index 
fiber (SMA connector) 
Thorlabs M14L05  dcore=50µm 
NA=0.22 
L=5m 
Fiber coupling plano-convex lens f’=50mm 
D=1’’ 
Collimator Thorlabs F810SMA-1064 f’=34.74 
NA=0.26 
Beam steering DC-Servo motors Thorlabs Z806 Moving the collimator mount 
Beam Expander 
(Kepler telescope) 
Lens 1 plano-convex lens f’=100mm 
D=25.5mm 
Lens 2 Fraunhofer achromat f’=500mm 
D=100mm 
Transmitter telescope 
monitoring 
camera Point Grey Flea3  
FL3-GE-14S3M-C 
1.4 MP, Sony ICX267 CCD, 
 1/2", 4.65 µm 
Lens Achromat f’=60mm 
D=25.5mm 
Table 2: Optical components of the laser transmitter setup which is mounted on the telescope. 
 
3.2 Receiver unit 
The objects are observed using the Receiver telescope presented in section 2.2. To allow photon counting and tracking 
simultaneously a special beam splitting unit was designed to separate two divergent beams without introducing 
significant aberrations (COTS telescopes are design to have a filter in front of the camera). The IR light is separated by a 
dichroic mirror and a small silver mirror placed on the optical axis reflects the light to a relay optic which focuses it on a 
single photon detector (SPD), see Figure 9. Due to obscuration by the secondary mirror only a bit of vignetting is 
introduced but no spherical aberration. As SPD the id400 from idQuantique is used and a 1nm (FWHM) bandpass filter 
filters the background light. The SPD works in Geiger mode thus it cannot resolve photon numbers.  
  
 
 
 
 
 
Figure 9: Optical set-up of the receiver unit: (1) incoming light from the mirror telescope, (2) dichroic mirror (R>90% @ λ > 750 
nm), (3) tracking camera, (4) 1064nm bandpass filter (1nm FWHM), (5) SPD. [1] 
 
4. EXPERIMENTAL RESULTS 
In the previous chapter the DLR observatory in Stuttgart Germany was presented. In this chapter sample measurements 
of orbital objects will be shown. First the wide angle staring system measurements are shown. The number of detection 
and the percentage of unknown objects of 2015 are shown. In 2016 chasing was successfully implemented demonstrating 
that it is possible to perform a low resolution angular measurement of LEO objects using a passive optical system and 
perform a prediction without any a-priori information in order to capture the object with a telescope. In the second part 
of the results sample measurement of laser ranging measurements to a cooperative satellite are shown. Furthermore bi 
static measurements to space debris target is shown using an ILRS SLR station as laser source.  
4.1 Stare and chase 
As described in section 2.1 detects object behind the star background. All measurements are performed from dusk on, 
where orbital objects illuminated by the sun and the camera system is in the earth shadow. Every detected object was 
compared with the TLE database. The following table shows the detected objects of a total observation time of 24 hours. 
Objects detected  568 
Detection rate [obj/h]  23.7 ±5 
Detected TLE Obj.  412 
Unknown percentage  0.28 ±0.1 
Table 3: Number of detected orbital objects by the staring system with a total observation time of 24h recorded in 2015. The 
line of sight was zenith during nighttime. 
28000 orbital objects are known, but the public available TLE catalog [7] contains orbit information of about 18000 
objects, [6]. This is only 2/3 and can see with our staring system as well. About ¼ of the object that we detect cannot be 
found in the TLE catalog. See Reference [2] for further information.  
Because every object in the TLE catalog was measured using radar only the radar cross section (RCS) is known of those 
objects. Using this size information the circular diameter was calculated. Figure 10 shows the number of objects which 
are detected depended on the size. 
  
 
 
 
 
 
Figure 10: Number of TLE objects which are detected per hour and their size calculated from the radar cross section. Total 
observation time: 3.7h, line of sight: zenith. 
It was possible to detect objects with a size down to half a meter. Further measurements and investigations need to be 
made to get the actual physical size of detected objects. 
In order to perform laser distance measurements the main telescope needs to catch this object. And it was possible to 
catch every object (see Figure 11 and Figure 12) except very low orbiting objects (<500km). 
 
Figure 11: Left, a SL-16 Rocket Body (Range: 759.153km) passes the FOV of the staring camera and 16s later it could be 
recorded with the main telescope. Recorded on the 01.01.2016 
 
  
 
 
 
 
 
Figure 12: The satellite GLOBALSTAR M003 (450kg, Range: 1922.076km) was recorded with the staring system and 
successfully captured with the main telescope. The prediction determined using staring system measurement varies less than 
0.1° compared to the TLE orbit. 
The chasing shows that a simple passive optical system has enough resolution to predict the orbital object position 
precise enough to capture it with a narrow FOV telescope. The next step is to generate a TLE orbit file using passive 
optical measurements. This will allow our telescope (and other SLR stations) to track this object and perform laser 
ranging. Following laser ranging measurements are shown. 
 
4.2 Laser ranging 
In section 3 the laser ranging system was presented. Due to pulse energy limitations of about 25µJ only satellites 
equipped with a retro reflector can be measured. The repetition rate was 3kHz and the SPD was not gated. The beam 
divergence including atmospheric turbulence was measured with 250µrad to a stationary target in 5.3km distance. 
Below a sample ranging measurement show the measured difference between the predicted satellite range and the 
measured range. 
  
 
 
 
 
 
Figure 13: Laser ranging measurement of GEOS-3 satellite recorded 28.04.2016. It can be seen that the laser ranging 
measures a distance difference of 0.5 to 1km compared to the predicted TLE distance. The vertical lines result from 
atmospheric backscatter. 
 
 
5. CONCLUSION 
The laser ranging system which was presented has pulse energy limitations due to the fiber. But it was shown that laser 
ranging is possible using simple commercial fibers only. This is especially interesting in future due to the 
commercialization of aerospace sector. The number of small satellites will improve and the presented laser ranging 
concept has the potential to track measure and determine the orbit of orbital objects, as long as their equipped with retro 
reflector. By forcing future satellites to be equipped with a simple but lightweight retro reflectors radar system can 
relieve the load of radar systems and save running cost. The disadvantage of weather dependency can be overcome by 
increasing the number of stations and using locations with low cloud cover. Improved fiber technology (currently not 
COTS) will allow to use a higher pulse energies, large area single mode fibers (SMF) will reduce the beam divergence 
and using higher repetition rates >10kHz increases the return ratio. This will allow measuring more orbital objects like 
geodetic satellites or larger space debris targets e.g. rocket bodies. 
Additionally system containing two separate optics was presented this shows that optical systems with complementary 
properties can be combined for space situational awareness (SSA). The team around the DLR ground station in Stuttgart 
will upgrade the system in close future to detect smaller objects in LEO without any a-priori information and connect the 
laser ranging capabilities with the initial detection capabilities. Further development in data processing will be performed 
to create a TLE orbit file to a newly detected object using passive optical measurements. Therefore the systems do not 
necessarily need to be at the same position and laser ranging can be performed by already existing SLR stations easily. 
Precise orbit determination is possible using this laser ranging information of such a newly detected object.  
REFERENCES 
[1] D. Hampf, F. Sproll, P. Wagner, L. Humbert, T. Hasenohr, W. Riede, (2016), “First successful satellite laser 
ranging with a fibre-based transmitter”, Advances in Space Research, Volume 58, Issue 4, 15 August 2016, 
Pages 498–504. 
[2] P. Wagner, D. Hampf, W. Riede, (2015) “Passive optical space surveillance system for initial LEO object 
detection”, In Proceedings of 66th International Astronautical Conference, Jerusalem, Israel 
  
 
 
 
 
[3] Humbert, L., Hampf, D., Wagner, P., Sproll, F., & Riede, W. (2015), “Innovative laser ranging station for orbit 
determination of LEO objects with a fiber-based laser transmitter”, CEAS Space Journal, (pp. 1-5). 
[4] Hampf, D., Wagner, P., & Riede, W. (2014). „Optical technologies for observation of low earth orbit objects”, 
In Proceedings of 65th International Astronautical Conference, Toronto, Canada (pp. IAC 14,A6,P,70,x24899). 
[5] Degnan, J. J. (1994). Satellite laser ranging in the 1990s: report of the 1994 Belmont workshop. In Satellite 
Laser Ranging in the 1990s: Report of the 1994 Belmont Workshop, Volume 1.  
[6] H. Klinkrad, „Space Object Catalogs“, SSA Conference 2006, Colorado Springs (15 Sep 2006)  
[7] CelesTrak, “NORAD Two-Line Element Sets”, www.celestrak.com/NORAD/elements/ 
[8] Patent: Patentanmeldung Nr.: 10 2015 106 481.2 “Optische Einrichtung (Strahlteiler für Instrumente mit 
optischer Vergrößerung)”, (Anmeldung 10.2015) 
 
*paul.wagner@dlr.de; phone +49 711 6862-8102; www.dlr.de/tp 
  
 
 
 
 
  
book: [1] Booth, N. and Smith, A. S., [Infrared Detectors], Goodwin House Publishers, New 
York & Boston, 241-248 (1997).  
journal paper:  [2] Davis, A. R., Bush, C., Harvey, J. C. and Foley, M. F., "Fresnel lenses in rear 
projection displays," SID Int. Symp. Digest Tech. Papers 32(1), 934-937 (2001).  
proceedings paper: [3] Van Derlofske, J. F., "Computer modeling of LED light pipe systems for uniform 
display illumination," Proc. SPIE 4445, 119-129 (2001).  
website: [4] Myhrvold, N., “Confessions of a cybershaman,” Slate, 12 June 1997, 
<http://www.slate.com/CriticalMass/97-06-12/CriticalMass.asp> (19 October 1997).  
-OR- 
 [4] Myhrvold, N., “Confessions of a cybershaman,” Slate, 12 June 1997, 
http://www.slate.com/CriticalMass/97-06-12/CriticalMass.asp (19 October 1997).  
 
 
